Indirect potable reuse schemes are an important consideration in the sustainable management of scarce water resources. However, communities still hold real concerns about the potential health risks of micropullutants in recycled water entering their potable water supply. Microfiltration or ultrafiltration followed by reverse osmosis is currently the standard treatment technology for potable use of recycled water. Nevertheless, membranes are not 100% efficient in the removal of trace organic contaminants and the potential health risks of these micropullutants need to be assessed. The aim of this paper is to present a three-tiered approach for the preliminary assessment of micropullutants in recycled water. A risk quotient is calculated by comparing measured concentrations against benchmark values. Tier 1 corresponds to regulated chemicals; the maximum contaminant level in drinking water is used as benchmark value. Tier 2 corresponds to unregulated chemicals with toxicity information; slope factors or risk specific doses are used to calculate benchmark values. Tier 3 corresponds to unregulated chemicals without toxicity information. The "Threshold of Toxicological Concern" concept is used to calculate benchmark values. The characterization of chemicals of concern following reverse osmosis in a water reclamation plant and the application of the three-tiered approach for the evaluation of the potential health risks is presented.
Introduction
Advances in analytical chemistry have made detection of trace quantities of contaminants possible. As a consequence, numerous contaminants in low concentrations have been detected in natural and drinking waters (Kolpin et al., 2002; Zogorski et al., 2006) . Similarly, low concentrations of organic contaminants in highly treated recycled water have been reported by projects conducting indirect potable reuse (IPR) (OCWD and OCSD, 2004) . A major public health concern is the potential health impacts from long-term ingestion of low concentrations of chemical contaminants present in the recycled water intended for IPR. Therefore, before using recycled water for human consumption, it is essential to test the reliability of the treatment processes, and to ensure that the recycled water will not pose any additional risk to human health.
In Perth, Western Australia, there are three major wastewater treatment plants and a water reclamation plant. In late 2004, the Kwinana Water Reclamation Plant (KWRP) commenced operations. This plant receives approximately 24 million litres of secondary effluent from the Woodman Point Wastewater Treatment Plant. The KWRP treats the effluent using microfiltration (MF) and reverse osmosis (RO), and 17 million litres/day of recycled water is used for industrial use (Water Corporation, 2006) .
Perth is planning to undertake a three-year trial of groundwater replenishment for indirect potable reuse. In this trial, the effluent from the Beenyup Wastewater Treatment Plant will be treated by MF/RO and advanced oxidization using ultraviolet light. One and a half gigalitres/year of the recycled water will be injected into the Leederville aquifer at a location remote from the existing drinking water abstraction bores. The pilot plant is expected to be in operation by the mid-2007 and a comprehensive monitoring program will be in place to determine the water quality before and after the advanced treatment. Following the three-year trial, subject to community support, and approvals by health and environmental regulators, a full scale plant will be in operation by 2015, delivering 25 -35 gigalitres of recycled water/year to the Leederville aquifer for IPR.
This report summarizes data from a monitoring program conducted in late 2006 at the KWRP to identify and characterize potential chemicals of health concern before and after advanced treatment. A screening health risk assessment (SHRA) was conducted in order to determine whether contaminants, at the concentrations present after RO, may pose any potential health risk.
Methods
A target list of more than 400 chemicals of concern has been selected for testing during the groundwater replenishment trial. Chemicals with drinking water guideline values were selected to demonstrate treatment compliance with drinking water standards. In addition, emerging contaminants such as pharmaceuticals, personal care products and endocrine disruptors, as well as persistent organic pollutants such as dioxins, furans and PCBs, were included based on available information on health impacts or community concerns. For some of these chemicals, standard methods are not currently available and the project partners are developing and validating the analytical methods. The monitoring program at KWRP comprises a subset of the target list of chemicals, including 6 chemical groups and 134 analytes (Table1).
The SHRA approach systematically evaluates the potential health impacts of chemical contaminants using a risk quotient (RQ), in which the measured concentration of each chemical is compared to a benchmark value (non-effect) concentration (Rodriguez et al., 2007) . RQs were calculated using the measured concentration at point 3 (i.e. immediately after RO) as indicated on Figure 1 . For analytes below the limit of reporting (LOR) at point 3, the RQ was calculated assuming a measured concentration equal to the LOR. RQs below 1 indicate that no health impacts are expected. The benchmark value used in each tier is briefly described as follows.
Tier 1: Chemicals with regulatory guidelines. For these chemicals, the RQ of measured concentration to the maximum contaminant level was calculated. Guidelines from the Australian Drinking Water Guidelines (NHMRC and NRMMC, 2004) , World Health Organization (WHO, 2004) , the US Environmental Protection Agency (US EPA, 2006) , 2006) were used in that order of priority, for the calculation of the RQs. Tier 2: Unregulated chemicals with available toxicity information. For these chemicals, health-based advisory values for non-carcinogenic and risk specific doses for carcinogenic chemicals were used. Reference doses, acceptable daily intakes or tolerable daily intakes for non-carcinogenic chemicals and the slope factor for carcinogenic chemicals were also used to calculate safe concentrations in water that can be ingested daily over an entire lifetime. The International Agency for Research on Cancer (IARC) monographs (IARC, 2006) and the US EPA Integrated Risk Information System (IRIS) (US EPA, 2007) were used for the cancer classification of chemicals in that order of priority (enHealth, 2004) . Compounds not classifiable as carcinogenic (Group 3) in the IARC classification have by default been treated as non-carcinogens. For compounds classified as "possible carcinogens" (IARC, Group 2B), the benchmark value includes an additional uncertainty factor of 10. For non-cancer endpoints, the calculation of health target values was performed using typical exposure assumptions, including the ingestion of 2 litres of MF/RO recycled water per day, a 70 kg body weight and a 70-year lifetime. The calculations also assume a relative source contribution of 20% from recycled water exposure to take into consideration other potential contaminant exposure through other media, such as air or food.
Tier 3: Unregulated chemicals without available toxicity information. The threshold of toxicological concern (TTC) concept is used to derive safe chemical concentrations in recycled water. The TTC aims to establish a level of exposure for all chemicals below which there would be no appreciable risk to human health (Kroes et al., 2004; Kroes et al., 2005) . The threshold is derived from a statistical analysis of the toxicological data available. Each unregulated chemical is allocated to one of three Cramer classes -low, intermediate or high toxicity -based on its chemical structure (Cramer et al., 1978) . This classification is the best-known approach to allocate chemicals for the TTC estimation. The Toxtree (Version 1.20) software, commissioned by the European Chemicals Bureau, was used for the Cramer classification (Ideaconsult Ltd, 2007) . Both potential carcinogenic substances and non-carcinogenic substances were analyzed using the TTC.
During the summer period (Nov-Dec 2006) four sampling events were conducted at the KWRP. Grab samples were taken from points 1 to 4 ( Figure 1 ). Samples of wastewater from the Woodman Point Plant (point 1) and after microfiltration (point 2), were taken to determine whether major differences in contaminants concentrations after microfiltration were found. A further composite sample was taken from point 1 to determine whether grab samples are likely to be sufficient for sampling requirements from point 1. Samples were also taken from the RO permeate (point 3) and from the storage dam (point 4), in the latter case to determine whether holding in the storage dam had any effect on the permeate water quality. Samples were collected and preserved according to the standards set out in the project sampling analysis plan. The project partners at Curtin University of Technology and Chemistry Centre of Western Australia analyzed the samples. 
Results
A total of 134 analytes including volatile organic compounds (VOCs), disinfections by products (DBPs), metals, pesticides, hormones and pharmaceuticals were tested. The chemical groups and the number of analytes tested in each group are summarized in Table 1 . Of the total analytes tested, 28% were detected in the plant influent, and 10% were detected after RO. For all analytes above the LOR the highest detected value in each sample point is reported (Tables 2, 3 and 4).
VOCs and DBPs
Chloromethane, bromochloromethane, dibromomethane, tetrachloroethene and 1,3-dichlorobenzene were found on each day at point 1. Of the 10 VOCs detected at point 3, chloromethane, bromochloromethane, and 1,3-dichlorobenzene were detected in all samples. The list of VOCs tested for and detected above the LOR is reported in Table 2 . Five trihalomethanes, nine haloacetic acids and bromobenzene were the DBPs tested. Chloroform, chlorodibromomethane, bromodichloromethane, trichloroacetic acid and dichloroacetic acid were found in at least one sample from the secondary effluent. Chloroform and trichloroacetic acid were reported in all samples and only bromodichloromethane was reported above the LOR after RO in one sample. Concentrations at point 3 were higher than in the storage dam (point 4) as expected due to volatilization.
Hormones and Pharmaceuticals
Estriol, 17-beta estradiol and estrone were below the LOR in all sampling points (LOR after RO ¼ 10 ng/L). Ethynyl estradiol was also below the LOR in all points (LOR after RO ¼ 20 ng/L). A total of 12 pharmaceuticals were analyzed (Table 3) . Bezafibrate, acetaminophen, cyclophosphamide and ifosfamide were below the LOR in all samples. Gemfibrozil, carbamazepim phenytoin, indomethacin, azithromicyn, sulfamethoxazole, metronidazole and trimethoprim were all above the LOR in the secondary effluent on all sampling days. However, none of these pharmaceuticals was above the LOR after RO treatment.
Metals
Of the 25 metals tested; arsenic, beryllium, cadmium, cobalt, mercury, molybdenum, selenium, silver, thallium, uranium and vanadium were below the LOR in all samples in the plant influent and through treatment (Table 4 ). Of the 14 metals detected in the secondary effluent, only low concentrations of boron and iron were detected after RO.
Iron was detected at 0.021 mg/L only in one sample at point 3. However, a sample on the same day from point 4 was below the LOR (0.005 mg/L), with this result possible being due to contamination. Nevertheless, the RQ for iron was well below 1 indicating no adverse health impacts would occur at that concentration.
Pesticides
None of the 24 pesticides tested (Table 5 ) comprising organochlorine and organophosphate pesticides were detected above the LOR in any of the sampling points.
Discussion
A SHRA of 134 analytes from the KWRP producing recycled water after RO was applied to determine potential health effects from the chemicals at the concentrations recorded. The aim of a SHRA is to identify key chemical contaminants and to optimize risk assessment by combining the precautionary principle and screening before more detailed risks assessment is undertaken. The RQ was calculated using the highest contaminant concentration value after RO for chemicals above the LOR as a 'worst case' scenario. The RQ was 10 to 100,000 times below 1 for all VOCs, and all pharmaceuticals, except cyclophosphamide (RQ ¼ 0.5). The metals with higher RQs values were arsenic, beryllium, cobalt, lithium, mercury, selenium and vanadium. However, all values were well below 1. Benchmark values are health based and tend to be conservative. Benchmark values are calculated assuming lifetime exposure from water consumption and are designed to protect potentially exposed populations, including sensitive sub-populations such as children and the elderly. Given that measured concentrations of all contaminants tested were far below the benchmark values, it is anticipated that no increased risk would be posed by recycled water from KWRP in relation to the tested contaminants. It is expected that additional treatment barriers after RO including ultraviolet light and/or hydrogen peroxide, dilution and retention in the aquifer, and drinking water treatment before distribution to the community will further contribute to achieving a safe supply for communities using recycled water. At present a comprehensive monitoring program is important to gather information for the groundwater replenishment trial. The data from the planned three-year monitoring program will inform health guidelines for IPR of treated wastewater by groundwater replenishment. Further analysis of key suspected contaminants, such as N-nitrosodimethylamine (NDMA) and 1,4 dioxane, will be conducted, and ongoing research of tested contaminants may help to evaluate any potential treatment variability and to identify potential surrogate contaminants. The SHRA will help stakeholders to effectively communicate the results to the community to demonstrate that the current technology is adequate to protect human health, and to assure the public that contaminants present in wastewater can be effectively and reliably removed.
